Abstract Viper envenomation results in inflammation at the bitten site as well as target organs. Neutrophils and other polymorphonuclear leukocytes execute inflammation resolving mechanism and will undergo apoptosis after completing the task. However, the target specific toxins induce neutrophil apoptosis at the bitten site and in circulation prior to their function, thus reducing their number. Circulating activated neutrophils are major source of inflammatory cytokines and leakage of reactive oxygen species (ROS)/other toxic intermediates resulting in aggravation of inflammatory response at the bitten/target site. Therefore, neutralization of venom induced neutrophil apoptosis reduces inflammation besides increasing the functional neutrophil population. Therefore, the present study investigates the venom induced perturbances in isolated human neutrophils and its neutralization by crocin (Crocus sativus) a potent antioxidant carotenoid. Human neutrophils on treatment with venom resulted in altered ROS generation, intracellular Ca 2? mobilization, mitochondrial membrane depolarization, cyt-c translocation, caspase activation, phosphatidylserine externalization and DNA damage. On the other hand significant protection against oxidative stress and apoptosis were evidenced in crocin pre-treated groups. In conclusion the viper venom induces neutrophil apoptosis and results in aggravation of inflammation and tissue damage. The present study demands the necessity of an auxiliary therapy in addition to antivenin therapy to treat secondary/overlooked complications of envenomation.
Introduction
Snakebite envenomation is considered as priority health hazard as well as neglected tropical disease as it accounts for about 5 million snakebite incidents resulting in 1.25 million deaths globally each year. About 3.75 million victims survive with permanent physical and secondary complications resulting in a serious medical and social-economic crisis. The most severe cases of envenomation are inflicted by the species of Viperidae family. In Asia, Vipera russelli is the major culprit for the clinical complications of severe local and systemic pathology (Girish and Kemparaju 2011; Ushanandini et al. 2006) .
At present intravenous administration of bovine or ovine derived anti-venoms are the mainstay and the only medically approved therapy for snakebite management. The clinical concurrence is that the effectiveness of anti-venoms is limited against local toxicities that develop swiftly after the bite which include edema, hemorrhage, myonecrosis and degradation of basement membrane surrounding the blood capillaries. The local tissue damage will continue even after the administration of anti-venoms and results in irreversible scarring and deformity. The ineffectuality of anti-venom against the local effects has been attributed to the brisk action of venom components and the inability of anti-venom F(ab 0 )2 and F(ab) fragments of IgG to penetrate blood/tissue barrier. Other limitations could be the inability of anti-venoms against the possible venom induced apoptosis of inflammatory cells at the bitten site (Lalloo and Theakston 2003; Girish and Kemparaju 2011; Leon et al. 2000) .
The accumulation of inflammatory phagocytes in tissue is the hallmark of all inflammatory diseases. Macrophages/monocytes, polymorphonuclear neutrophils (PMNs), mast cells, lymphocytes, and dendritic cells participate in the pathogenesis of inflammation. Among these, PMNs are the most abundant type, accumulating in large numbers at the injured tissue site. Several snake venom disintegrins, a group of cysteine rich proteins have been shown to induce the neutrophil chemotaxis. After the completion of the task the activated neutrophils are removed from the system through apoptosis and phagocytosed by macrophages resulting in resolution of inflammation (Coelho et al. 2004; Luo and Loison 2008) . However, if neutrophil death occurs before their function, the number of functional neutrophils in the target site will get reduced. In addition, the recruited activated neutrophils trigger the respiratory burst, by releasing a variety of reactive oxygen species (ROS), including superoxide, hydrogen peroxide and hypochlorous acid along with hydrolytic enzymes. Release of ROS from the activated neutrophils as well as leakage of toxic compounds and intermediates may result in oxidative stress on the resident healthy cells and aggravation of inflammatory response at the bitten site. Therefore, neutrophil apoptosis needs to be tightly regulated to ensure the efficient resolution of inflammation at the bitten site.
In view of this, bioactive molecules with an efficacy to neutralize the oxidative stress and venom induced neutrophil apoptosis at the bitten site will certainly be helpful in the management of continued tissue necrosis in viper bites. Although the management of these complications is quite difficult, their magnitude could be reduced by the use of phytochemicals. Fortunately, compounds with antioxidant properties have been shown to attenuate viper venom-induced cellular damage by inhibiting the oxidative cascade and improving membrane stabilization (Mukherjee and Maity 1997; Alam and Gomes 1998; Sebastin et al. 2013) . Based on these facts, the present study demonstrates the viper venom induced neutrophil apoptosis and its amelioration by crocin, a water soluble carotenoid from saffron. Saffron is obtained from the dry stigmas of Crocus sativus L (Iridaceae). Studies have shown that crocin is an effective antioxidant with therapeutic properties such as anti-inflammatory, antiatherosclerotic, anti-depressant, anti-carcinogenic, neuroprotective, anti-hyperlipidemic, and prevent aging and hepatic damage (Montalvo-Hernández et al. 2012 ).
Materials and methods

Chemicals
Vipera russelli venom was procured from Hindustan Park, Kolkata, India. Histopaque, 2,7-dichlorofluorescein diacetate (DCFDA), purified crocin, 5,5 0 -6,6
0 -tetrachloro-1,1 0 ,3,3 0 -tetraethylbenzimidazolylcarbocyanine iodide (JC-1), hydrogen peroxide, calcium ionophore (A23187), fluorescein isothiocyanate-labeled annexin V, Nacetyl-Asp-Glu-Val-Asp-7-amido-4-methyl-coumarin (AC-DEVD-AMC), N-(2-Hydroxyethyl) piperazine-N 00 -ethanesulfonic acid (HEPES), N 0 -acetyl-Leu-Glu-His-Asp-7-amido-4-methylcoumarin (AC-LEHD-AMC), CHAPS, Fura 2-AM, homovanillicacid (HVA), sodium orthovanadate (Na 3 VO 4 ), enhanced chemiluminiscence detection reagent were from Sigma Chemical Co. (St. Louis, MO, USA). Antibodies against cytochrome c and b-actin were purchased from Epitomics (Burlingame, CA, USA). All other reagents were of analytical grade. The graphs were prepared using the software Graphpad prism 5. All the protocols were approved and followed according to the Institutional Human Ethical Committee (IHEC) guidelines.
Isolation of neutrophils
Buffy coats containing neutrophils were extracted from citrated whole blood by differential centrifugation. Briefly, 5 mL whole blood collected from healthy volunteers was layered onto equivolume of histopaque in polypropylene tubes followed by centrifugation at 8009g for 30 min. Buffy coats separated were aspirated into new polypropylene tubes and washed (8009g, 10 min) twice in phosphate buffered saline (10 mM PBS, pH 7.4). Cell density was adjusted to 4 9 10 6 cells/mL (purity[96 % and viability[98 %) and added to suitable medium.
Experimental design and treatment
The isolated neutrophils were categorized into seven different groups. Group I-control, Group II-H 2 O 2 / A23187 alone, Group III-Vipera russelli (VR) (50 lg) alone, Group IV and V-VR venom pre-incubated with crocin for 10 min at 37°C [1:0.25 (13 nM) and 1:0.5 (25 nM) ratio respectively (venom:crocin; w/w)], Group VI-H 2 O 2 pre-incubated with crocin (25 lg) for 10 min at 37°C ratio and Group VIIcrocin alone (100 lg). 100 mM H 2 O 2 and 2 lM calcium ionophore were used as a positive control (Singh et al. 2007 ). The dose of the venom used in this study is based on our preliminary studies in which 50 lg of VR venom was able to induce apoptosis in neutrophils. The experiments were done according to the methods described and the percentage increase/ decrease in the activity was calculated.
Antioxidant assays in-vitro
Free radical scavenging ability of crocin on 1,1, Diphenyl,2-picryl hydrazyl (DPPH) radical was measured employing the method of Yamaguchi et al. (1998) with slight modifications. Briefly, 1.5 ml of DPPH solution (0.1 mM in 95 % ethanol) was incubated with varying concentrations of crocin (0-10 lM). The reaction mixture was mixed and incubated for 20 min at room temperature, and the absorbance was measured at 517 nm against a blank. The antioxidant quercetin was used as a positive control.
Determination of reducing ability
Reducing ability of crocin was determined according to the method of Hsieh and Yan (2000) . Briefly, different concentration of crocin (0-50 lM) were mixed with potassium ferricyanide (1 %), 2.5 ml of sodium phosphate buffer (200 mM, pH 6.6) and the mixture was incubated at 50°C for 20 min. At the end of incubation, 2.5 ml of 5 % TCA was added and centrifuged at 3,000 rpm for 10 min. The supernatant (2.5 ml) was taken and mixed with 0.5 ml of aqueous ferric chloride (0.1 %). The absorbance was measured at 700 nm.
Lipid peroxidation
The modulatory effect of crocin on FeCl 3 induced lipid peroxidation in liver homogenate of mice was determined according to the method of Ohkawa et al. (1979) . An aliquot of tissue homogenate (500 mg protein) was added to Locke's buffer (154 mM NaCl, 5.6 mM KCl, 3.6 mM NaHCO 3 , 5.0 mM HEPES, 2.0 mM CaCl 2 , 10 mM glucose/dl, pH 7.4) and preincubated with different concentrations of crocin (0-50 lg) for 30 min at 37°C and later challenged with FeCl 3 (100 mM). After 1 h, the reaction was stopped by adding 200 ll of SDS (8 %) followed by 1.5 ml acetic acid (20 %, pH 3.5) and 1.5 ml TBA (0.8 %). The samples were vortexed and kept in boiling water bath for 45 min. The pink-colored complex formed was measured at 532 nm and quantified using TMP as the standard and expressed as nmol MDA formed/ mg protein.
Determination of intracellular ROS
Intracellular ROS levels were measured according to the method described by Driver et al. (2000) with slight modifications. Washed neutrophils were suspended in Locke's buffer and incubated with VR venom (50 lg) for 30 min at 37°C followed by the addition of 10 lM of DCFDA. The reaction mixture was incubated for 30 min at 37°C and the resulting fluorescence was measured using Varioskan multimode plate reader (Thermo Fisher Scientific, Waltham, MA, USA) with excitation and emission wavelengths of 480 and 530 nm. ROS levels were quantified from a dichlorofluorescein standard curve Cytotechnology (2016) 68:73-85 75 and expressed as pmol DCF formed/ mg protein.
Calcium ionophore (2 lM) was used as a positive control. For inhibition studies, the venom samples/ calcium ionophore were pre-incubated with different concentrations of crocin for 10 min at 37°C.
Determination of endogenously generated H 2 O 2
The levels of endogenously generated H 2 O 2 were determined according to the method of Barja (2002) with minor modifications. The levels of H 2 O 2 production in neutrophils can be successfully determined using HVA, a specific H 2 O 2 -sensitive fluorescent probe. Neutrophils were incubated with VR venom (50 lg) for 1 h at 37°C in 200 ll HEPES-buffered saline (HBS, 10 mM HEPES, 145 mM NaCl, 10 mM D-glucose, 5 mM KCl, 1 mM MgSO 4 , pH 7.45) followed by the addition of 100 lM HVA. The reaction mixture was incubated at 37°C for 30 min and washed twice with PBS. Samples were excited at 312 nm and the resulting fluorescence was measured at 420 nm using multimode plate reader. Calcium ionophore (2 lM) was used as a positive control. For inhibition studies, the venom samples/ calcium ionophore were pre-incubated with different concentrations of crocin for 10 min at 37°C.
Myeloperoxidase activity
Myeloperoxidase activity was measured according to the method of Bradley et al. (1982) with slight modifications. Briefly, the reaction mixture consisting of 3 ml of potassium phosphate buffer (50 mM, pH 7.0) containing 100 mM guaiacol and 0.0017 % H 2 O 2 (w/w), 150 ll of cells were added and the reaction was monitored at 470 nm for 3 min. One unit of myeloperoxidase enzyme activity is defined as an increase in absorbance of 1.0 /min at pH 7.0 at 25°C. H 2 O 2 (100 mM) was used as a positive control. For inhibition studies, the venom samples/H 2 O 2 were pre-incubated with different concentrations of crocin for 10 min at 37°C.
Preparation of cell lysate
Cell lysate was prepared according to the method of Rosado et al. (2000) . Briefly, venom treated (with/ without crocin for 30 min) and control cells were lysed with an equal volume of 29 Triton buffer (100 mM Tris-HCl, pH 7.2 containing 2 % TritonX-100, 2 mM EGTA, 100 lg/mL leupeptin, 2 mM PMSF, 10 mM benzamidine, 2 mM Na 3 VO 4 ) at 4°C for 30 min. Cell lysates were centrifuged at 8,0009g for 5 min. The pellet thus obtained is the cytoskeleton-rich (Triton-insoluble) fraction, which was subjected to caspase activity and detection of cytochrome c (cyt-c) by western blotting as described below. For inhibition studies, the venom samples/ H 2 O 2 were pre-incubated with different concentrations of crocin for 10 min at 37°C.
Detection of cyt-c release
Immunobloting was carried out to detect the cyt-c release from cytosolic fractions of the samples (Lopez et al. 2007 ). Cytosolic proteins were separated on 10 % SDS-PAGE and electrophoretically transferred on to a Polyvinylidene fluoride (PVDF) membrane for 1 h at 50 V using a wet blotter. Blots were then blocked in TBST (10 mM Tris-HCl, pH 8.0 containing 150 mM NaCl and 0.05 % tween-20) containing 5 % non-fat milk powder to block residual protein binding sites. Membrane was incubated with anti-cytochrome c antibody (1:1,000) in TBST for 3 h. After washing membrane was incubated with horseradish-peroxidase (HRP)-conjugated anti-IgG antibody (1:10,000), b-actin was used as loading control and the membranes were incubated with enhanced chemiluminescence (ECL) reagent for 90 s. Finally the blots were exposed to photographic films and developed using radiograph developer.
Caspase activity
Caspase activity was determined according to the method described by Ben amor et al. (2006) with slight modification. In brief, cell lysates were incubated with the substrate solution (20 mM HEPES, pH 7.4, 2 mM EDTA, 0.1 % CHAPS, 5 mM DTT and 8.25 lM of caspase substrate) at 37°C for 2 h. H 2 O 2 (100 mM) was used as a positive control. Substrate cleavage was measured fluorimetrically with an excitation and emission wavelength of 360 and 460 nm for caspase-3 and 400 and 505 nm for caspase-9. The activities of caspase-3 and -9 were calculated from the cleavage of the respective fluorogenic substrates (AC-DEVD-AMC for caspase-3 and AC-LEHD-AFC for caspase-9).
Determination of mitochondrial membrane potential
Changes in the mitochondrial membrane potential were registered using the cationic dye JC-1. In brief, cells were incubated with venom for 1 h at 37°C followed by the addition of freshly diluted JC-1 (2.5 lg/mL in DMSO). After incubation for 15 min at 37°C, the cells were washed with HBS. JC-1 accumulates in mitochondria forming red fluorescent aggregates at high membrane potentials and at low membrane potential JC-1 exists mainly in the green fluorescent monomeric form. JC-1 loaded cells were excited at 488 nm, and emission was detected at 585 nm (JC-1 aggregates) and 516 nm (JC-1 monomers) using a spectrofluorimeter (Salvioli et al. 1997) . Data are presented as emission ratios (585/516). H 2 O 2 (100 mM) was used as a positive control. For inhibition studies, the venom samples/H 2 O 2 were preincubated with different concentrations of crocin at 37°C for 10 min.
Determination of phosphatidyl serine (PS) externalization
PS externalization was determined according to the method described by Jardin et al. (2007) with minor modifications. Briefly, the cell suspensions (5 9 10 4 ) in 500 ll of PBS were transferred to 500 ll ice-cold 1 % (w/v) glutaraldehyde in phosphate-buffered saline (PBS) and incubated with venom for at 37°C for 1 h. The cells were then incubated for 10 min with annexin V-fluorescein isothiocyanate (FITC) (0.6 lg/ml) in PBS supplemented with 0.5 % (w/v) BSA and 2 mM CaCl 2 protected from light. H 2 O 2 (100 mM) was used as a positive control. Cells were collected by centrifugation for 60 s at 3,0009g and resuspended in PBS. Cell staining was measured using a spectrofluorimeter with excitation and emission wavelength of 496 and 516 nm respectively.
Measurement of intracellular Ca
2? levels Intracellular Ca 2? concentration in neutrophils was measured according to the method of Lopez et al. (2006) with slight modifications. Briefly, the treated cells were incubated at 25°C in modified Tyrode's buffer (10 mM HEPES, pH 7.4 containing 150 mM NaCl, 2.7 mM KCl, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 1.0 mM CaCl 2 , and supplemented with 1 % BSA) with 2 lM Fura 2-AM, a fluorescent Ca 2? indicator. After incubation, cells were washed twice with the HBS to remove the unbound dye and the absorption shift that occurs upon calcium binding was measured spectrofluorimetrically with excitation at 340 and 380 nm [calculated as (340/380) ratio of fluorescence intensity], and emission at 510 nm. Data are presented as percentage increase/ decrease in Fura 2-AM fluorescence. For inhibition studies, the venom samples/H 2 O 2 were pre-incubated with different concentrations of crocin at 37°C for 10 min.
Comet assay DNA strand damage in neutrophil cell suspension was assayed using Comet assay according to the method of Singh et al. (1988) with slight modifications. The final concentration of neutrophils was adjusted to 1 9 10 5 cells/ml with RPMI medium. Cells were incubated with VR venom/H 2 O 2 in presence/absence of crocin for 1 h at 37°C, after incubation Comet assay was performed to assess the DNA damage. A suspension of cells in 0.75 % low melting point (LMP) agarose dissolved in PBS was spread onto microscopic slides which were pre-coated with 0.5 % normalmelting agarose. The slides were then immersed in lysis buffer (10 mM Tris-HCl, pH 10.0 containing 2.5 M NaCl, 100 mM EDTA, 1 % Triton X-100 and 10 % DMSO) and kept at 4°C for 1 h. After lysis, the slides were placed in an electrophoresis unit, and the DNA was allowed to unwind for 20 min in the electrophoretic running buffer consisting of 300 mM NaOH and 1 mM EDTA. Electrophoresis was carried out at 300 mA for 30 min. The slides were then neutralized with 400 mM Tris-HCl, pH 7.5 followed by dehydration with methanol, dried and stained with 1X ethidium bromide. H 2 O 2 (100 mM) was used as a positive control. All steps after cell lysis were performed in the dark or under dimmed red light to prevent additional DNA damage.
Protein estimation
The protein concentration was determined by the method of Lowry et al. (1951) using BSA as the standard.
Statistical analysis
Results are expressed as mean ± SEM of three independent experiments. The degree of induction, measured as increase or decrease in ROS generation and hydroperoxide formed. Caspase activities were analyzed with respect to the endogenous values. Similarly the release of cyt c, membrane potential, PS externalization (induced or inhibited) was also analyzed between treatment and control groups. The data were analyzed by ANOVA, followed by Duncan's test for multi-group comparison, with p \ 0.05 (*) and p \ 0.01 (**) were considered to be statistically significant.
Results
Free radical scavenging potential of crocin in vitro
Reducing power assay is based on the ability of the compound to reduce the Fe 3? to Fe 2?. The reducing ability of the crocin was found to be significant and dose dependent (Fig. 1A) . Further crocin inhibited lipid peroxidation in vitro in a dose depended manner (Fig. 1B) . On exposure to FeCl 3 , the tissue homogenate showed an increased lipid peroxidation as evidenced by the increased MDA levels (3.45 fold) and crocin provided a dose dependent (52 and 79 %) protection at the concentration of 25 and 50 lM, respectively against FeCl 3 induced lipid peroxidation. The free radical scavenging potential of crocin was assayed using DPPH. Significant and dose dependent DPPH radical scavenging activity was evident in different concentrations of crocin tested (Fig. 1C) . Quercetin, a known antioxidant was used as the positive control.
ROS and H 2 O 2 generation
Crocin was evaluated for its efficacy against VR venom induced endogenous generation of ROS and H 2 O 2 levels in neutrophils. A marked enhancement in the levels of oxidative markers was apparent in neutrophils after the treatment with VR venom. The VR venom induced vigorous elevation in the levels of ROS by 144 ± 5 % as well as HP by 67 ± 2 %, against 137 ± 5 % and 110 ± 6.5 in ROS and HP (2 lM calcium ionophore), compared to control cells. Crocin significantly and dose dependently ( Fig. 2A) abrogated the ROS by 65 ± 1.7 % and 93 ± 3.5 % and HP (Fig. 2B ) levels by 52 ± 2.5 and 67 ± 3.8 % at 67 ± 3.8 % at 1:0.25 and 1:0.5 ratio, respectively, in the crocin treated groups compared to venom treated cells. Further, crocin offered 91.3 ± 6 and 96 ± 5.8 % protection against 2 lM calcium ionophore, respectively, whereas no such alterations were observed in crocin alone treated cells compared to control cells.
Myeloperoxidase activity
Treatment of cells with VR venom resulted in the robust elevation of myeloperoxidase activity by 187 ± 4.6 % while 168 ± 4 % with 100 mM H 2 O 2 when compared to the control cells. Whereas, in the crocin treated groups protection was observed to an extent of about 47 and 80 % at 1:0.25 and 1:0.5 ratio, respectively. A reduction of 78 ± 5.2 % was observed in the H 2 O 2 treated cells. While, crocin alone did not cause any alteration in the activity level (Fig. 3A) .
Intracellular Ca 2? levels
The fluorescent Ca 2? indicator, Fura 2-AM was used to measure the intracellular Ca 2? concentration. Treatment of neutrophils with VR venom resulted in elevated intracellular Ca 2? levels by 86 ± 4.8 % against 61 % increase with H 2 O 2 . In crocin pre-treated groups the intracellular concentration of Ca 2? was reduced by 65.2 ± 2.4 and 85 ± 4 % at 1:0.25 and 1:0.5 ratio, respectively, while it offered 67 ± 3.5 % protection against H 2 O 2 . Slight but not significant increase in Ca 2? levels was observed in the crocin treated neutrophils (Fig. 3B) .
Activation of caspase-3 and -9
Caspase activation was determined using their respective fluorescent substrates. Treatment of neutrophils with VR venom significantly increased the activities of caspase-3 and -9 by 63 ± 3 and 78 ± 3.4 % respectively (Fig. 4) , compared to 93 ± 5.6 % increase with H 2 O 2 , and though the maximal activation was not reached in the range of time studied. Crocin treatment significantly abrogated the venom induced activation of caspases in a dose dependent manner. Crocin ameliorated the venom induced activation of caspase-3 and -9 by 72 ± 5 and 78 ± 4.5 % at 1:0.25 ratio, respectively, while at 1:0.5 ratio crocin completely inhibited both the venom and H 2 O 2 induced caspase activity. Crocin alone did not alter the caspase levels.
Cytochrome C level
To determine the activation of caspase pathway by VR venom, cyt-c release in neutrophils was assessed by western blotting. Both H 2 O 2 and VR venom promoted the release of cyt-c from the mitochondria as evidenced from the blot (Fig. 5) . On the other hand, the cyt-c levels of control cells as well as the crocin treated cells were found to be unaltered. In contrast, in the pretreatment group crocin markedly reduced the VR venom induced release of cyt-c. and crocin treated neutrophils with indicated doses. b-actin was used as the loading control. The cytosolic proteins from respective groups were electrophoresed followed by transferred to membranes and blots were further processed as described in materials and methods section. Bars assigned with letter a, b and c are statistically significant compared to control, VR venom and H 2 O 2 alone respectively. *p \ 0.05 and each value represent the mean ± SEM
Mitochondrial membrane potential and PS scrambling
The altered mitochondrial membrane depolarization was detected by the decrease in JC-1 fluorescence ratio (585/516 nm). A significant reduction in membrane potential (320 ± 16 and 223 ± 14.5 %) was observed in VR venom and H 2 O 2 treated neutrophils compared to the control. At 1:0.25 and 1:0.5 ratio, crocin restored the changes, respectively, by 65 ± 5.5 and 86 ± 6.4 % compared to venom treated cells and 94 ± 5.2 % compared to H 2 O 2 treated cells. Crocin alone did not alter the membrane potential and values were similar to that of control (Fig. 6A) .
PS externalization was quantified by annexin V staining. Fig. 6B indicates the levels of PS externalization in neutrophils. VR venom induced the surface PS exposure by 81 ± 6.2 % in neutrophils while H 2 O 2 resulted in 58 ± 3.2 %. In contrast, crocin dose dependently inhibited the PS exposure induced by VR venom by 62 ± 2.5 and 85 ± 3.8 %, respectively, at 1:0.25 and 1:0.5 ratio compared to venom treated neutrophils and completely neutralized the H 2 O 2 induced PS externalization.
Comet assay DNA damage was assessed by comet assay in the images of control and crocin treated neutrophils, undamaged DNA remained within the core (Fig. 7A,  F) . In H 2 O 2 and venom treated group the damaged DNA, however, migrated from the core towards the anode, forming the tail of a comet (Fig. 7B, C) . On the other hand, in crocin pre-treated group (1:0.5 ratio) complete inhibition was observed (Fig. 7D) . In addition, Crocin completely inhibited H 2 O 2 induced DNA damage (Fig. 7E) . Fluorescent microscopy revealed fluorescent structures corresponding to the ethidium bromide stained nuclear DNA of the neutrophils. In undamaged cells, the DNA was tightly compressed and maintained the circular disposition of the normal nucleus.
Discussion
Viper envenomation results in the physiological insult to the victim leading to a wide range of pharmacological effects including hypotension, coagulopathy, tissue necrosis and local as well as systemic hemorrhage. Owing to its high mortality and morbidity rate and high frequency of envenomation by this species the World Health Organization has designated Vipera russelli venom as one of the International Reference venom and anti-venom against this venom is considered important (Tsai et al. 1996) .
Inflammation is a universal defense response of the organism against infection or tissue injury. During envenomation, various enzymatic and non-enzymatic toxins are known to induce inflammation at their target sites. SVMPs, c-type lectins and other toxins are known to induce inflammation by recruiting inflammatory cells and mediators. These actions activate the early events of an acute inflammatory response at bitten site as well as the systemic target sites Clissa et al. 2006) .
Among the inflammatory cells, neutrophils are the most abundant and considered to be the central players in acute inflammation. These cells swiftly reach the injured tissue site and display their action by installing antimicrobial proteins, proteases and reactive oxygen species. During the process, activated neutrophils release intracellular toxic components including lipid mediators, chemokines and cytokines such as IL-1b, IL-6 and TNF-a in order to amplify the inflammatory response by recruiting more cells into the site of injury. In addition, neutrophils are also capable of capturing and killing pathogens extracellularly through the release of neutrophil extracellular traps (NETs). Prolonged or excessive liberation of these toxic substances could intensify the inflammatory process and enhance tissue damage. Therefore, activity of neutrophils declines consecutively by the effect of anti-inflammatory mediators. Several studies have demonstrated that the induction of neutrophil chemotaxis by SVMPs and c-type lectins, a group of cysteine rich proteins are known to induce inflammation locally as well as systemically El Kebir et al. 2012; Moreira et al. 2012; Santhosh et al. 2013a; Setubal et al. 2013 ).
Inflammation and oxidative stress are the key events that are interconnected and act in a coordinated fashion. Oxidative stress exerts its destructive action on cells/organs in association with other phenomenon including inflammation and apoptosis. The interplay between oxidative stress and inflammation has been implicated in the pathophysiology of many diseases including cardiovascular diseases, diabetes, cancer, arthritis, chronic kidney and neurological diseases. Several studies have demonstrated that the snake venom and their isolated components such as PLA 2 and metalloproteases induce apoptosis in different cell types (Valko et al. 2007; Brenes et al. 2010; Murakami et al. 2011; Park et al. 2012) . Venom induced cell death is currently the subject of considerable interest for toxicologists in order to understand the molecular mechanism and to explore the possible therapeutic purposes of venom. Snake venoms can activate apoptosis either through extrinsic pathway by triggering the binding of extracellular death ligand to the transmembrane death receptors, such as the Fas receptors (Díaz et al. 2005) or through intrinsic pathway initiated by cellular stress, specifically mitochondrial oxidative stress caused by factors such as DNA damage and heat shock (Park et al. 2012; Liu and Chang 2009) .
We conducted experiments to evaluate various parameters of apoptotic events in venom treated human neutrophils. The incubation of VR venom significantly stimulated human neutrophils to produce elevated levels of endogenous ROS as well as Ca 2? compared to control, which were effectively impaired when the venom was pre-incubated with crocin. The significant increase in the ROS level indicates the ability of the VR venom to stimulate neutrophils to activate the respiratory burst. Recent studies have shown the induction of intracellular ROS generation in macrophages and peritoneal leukocytes upon treatment with venom proving its ability to stir up respiratory burst (Setubal et al. 2011; De Souza et al. 2012) . Studies have shown that the neutrophil apoptosis could be triggered by ROS and elevated Ca 2? through intrinsic/mitochondrial pathway by altering the mitochondrial inner transmembrane potential (DWm). Recent studies have reported the apoptotic effect of various venom toxins on different cancer cell lines. The experimental cells were shown to undergo apoptosis via upregulation of ROS and JNK-mediated death receptor expression on treatment with venom components. Some of the studies have also shown the inhibition of venom induced apoptosis by using antioxidant enzymes. Our previous study has also shown the protective role of crocin against viper venom induced apoptosis of platelets (Torii et al. 1997; Kumar et al. 2002; Park et al. 2012; Liu and Chang 2009; Santhosh et al. 2013b) .
Mitochondrial membrane depolarization is the initial and crucial step of the intrinsic/mitochondrial pathway of apoptosis. The current results clearly affirm the drastic reduction in the membrane potential after treating neutrophils with VR venom. Increased ROS along with elevated levels of Ca 2? facilitate the formation of mitochondrial membrane transition pore (MPTP) responsible for depolarization of mitochondrial inner transmembrane potential, permeabilization of inner and outer mitochondrial membrane and subsequent release of pro-apoptotic proteins (such as cyt-c and apoptosis inducing factor) from mitochondria to cytosol (Danial and Korsmeyer 2004) . To further ascertain the pro-apoptotic effect of VR venom, other parameters such as cytosolic cyt-c levels, caspase-9 and -3 activation and PS externalization were evaluated. The study clearly suggested the activation of apoptotic cascade in the human neutrophils upon treatment with VR venom and their abrogation by crocin.
Further, the VR venom induced DNA fragmentation was evidenced using comet assay. The assay is more sensitive and rapid for the detection of DNA damage due to strand breaks, open repair sites, crosslinks and labile site at the individual cell levels. The extent of nuclear fragmentation clearly demonstrates the intrinsic pathway mediated apoptosis of neutrophil by VR venom. The induction of DNA damage could be associated with VR venom induced oxidative stress. Additionally, the results demonstrated in the present study may be correlated to VR venom induced pharmacological effects and could also contribute to the elucidation of possible mechanism of action of target specific toxins. Several SVMPs (VAP1, VAP2, VLAIP, graminelysin), L-amino acid oxidase and PLA 2 have been reported to induce apoptosis in HUVECs and several cancer cell lines including human liver (Bel7402), human leukemia (K-562) and human gastric carcinoma (BGC823) cells (Zhu et al. 2010; Murakami et al. 2011; Teklemariam et al. 2011) .
Neutrophil recruitment and removal of their potentially injurious contents from inflamed tissues determine whether the inflammation has to resolve or to progress into a chronic state. After the completion of task, apoptosis of the inflammatory cells and their subsequent clearance (efferocytosis) by macrophages are key mechanisms orchestrating successful resolution of inflammation (Luo and Loison 2008; Michlewska et al. 2009; Dalli and Serhan 2012) . It has been well established that neutrophil accumulation frequently occurs at the site of snakebite as part of the inflammatory response to envenoming (Wei et al. 2010) .
In the context of envenomation, locally (SVMPs, myotoxins and c-type lectins) and systemically acting target specific toxins may induce neutrophil apoptosis at the bitten site as well as in the circulation. If neutrophils undergo apoptosis by venom components before their function, the number of functional neutrophils at the site of inflammation will get reduced. Therefore, neutralization of venom induced neutrophil apoptosis not only reduces the inflammation but also increase the number of functional neutrophils. The present study clearly demonstrates the pro-apoptotic effect of VR venom on neutrophils and its amelioration by crocin a known dietary colorant. The antioxidant property of the crocin was confirmed by the in vitro radical scavenging assays. Mechanistically, it is clear that VR venom triggers neutrophils to undergo apoptosis by increasing oxidative stress. However, the possible action of venom components on monocyte differentiation at the site of inflammation cannot be ignored. The neutrophil apoptosis and possible action of venom on differentiation of monocyte to macrophages and dendritic cells would be of particular importance in the management of persistent tissue necrosis at the bitten site and in systemic toxicities.
